of epinephrine with lidocaine resulted in a predominant net effect of increased contractile activity.
Lidocaine, also known as xylocaine and lignocaine, is the most widely used local anesthetic and is reported to have an onset <2 min and a duration for up to 2 h by blocking voltage-gated sodium channels [1, 2] . Lidocaine is also known to be a vasodilator at clinically relevant doses [3] . A significant increase in blood flow was observed at the site of injection in response to administration of 1-2 % lidocaine in human skin [3] [4] [5] . Vasodilation and thus increased blood flow can lead to an increased rate of systemic absorption of lidocaine into the blood, thus decreasing the duration and depth of pain control. Therefore, epinephrine, more commonly known as adrenaline and a potent vasoconstrictor, is often added to provide vasoconstriction, thereby prolonging the duration of anesthesia and limiting systemic absorption and toxic reactions [6, 7] . Significantly decreased blood flow has been demonstrated following injection with epinephrine combined with lidocaine [8, 9] . However, to date, it is unknown whether dermal lymphatic function can be affected after administration of local anesthetics in vivo, although lymphatic vessels are abundant in many organs of the body, such as the skin. Therefore, we non-invasively imaged and characterized dermal lymphatic function in mice following subcutaneous injection of lidocaine with and without epinephrine using near-infrared fluorescence imaging (NIRFI).
Female C57BL6 mice (8-10 weeks old; Charles River) were housed and fed sterilized pelleted food and sterilized Abstract A local anesthetic, lidocaine, is known to affect cutaneous blood flow when injected into the skin. However, it is unknown if dermal lymphatic function can also be affected. Therefore, we characterized lymphatic function in response to administration of lidocaine with and without epinephrine. Non-invasive near-infrared fluorescence imaging (NIRFI) with intradermal injection of indocyanine green (ICG) was used to characterize the lymphatic "pumping" function in mice after subcutaneous injection of 2 % lidocaine with and without 1:100,000 epinephrine or saline. NIRFI was performed for 10-20 min immediately after and 1, 3, and 5 h after these interventions. Lymphatic contraction frequencies significantly decreased 10 min after subcutaneous injection of lidocaine and remained plateaued for another 5 min, before returning to baseline. However, addition of 1:100,000 epinephrine to 2 % lidocaine rapidly increased lymphatic contraction frequencies at 5 min postinjection, which returned to baseline levels 15 min later. Injection of saline also increased lymphatic contraction frequency 5 min after injection, which returned to baseline 10 min post-injection. Although lidocaine administration showed a decrease in lymphatic function, the combination Electronic supplementary material The online version of this article (doi:10.1007/s00540-016-2260-8) contains supplementary material, which is available to authorized users.
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water. All experiments were approved by University of Texas Health Science Center Institutional Animal Care and Usage Committee. Animals were clipped and residual hair removed with depilatory cream 24 h before NIRFI. NIRFI was conducted prior to injection of any agents for baseline data. Anesthesia was induced with 2 % isoflurane in 100 % oxygen, which was administered continuously through a nose mask in spontaneously breathing mice, maintained at 37 °C on a warming pad. Waste isoflurane gas was removed by an exhaust ventilation system and charcoal canister. No abnormal respiratory conditions were observed in any mice. NIRFI was conducted immediately following intradermal (i.d.) injection of 2 μl of indocyanine green (ICG; 0.5 mg/ ml; Akorn, Inc.) to the dorsal aspect of the left foot using 34-gauge needles using a custom-built NIRFI system [10, 11] . A macrolens was used to zoom in on a specific area in fluorescent lymphatic vessels. After 10 min of NIRFI, 10 µl of 2 % lidocaine hydrochloride with or without 1:100,000 epinephrine (Hospira, Inc.), or saline, was injected into the area below the afferent popliteal lymphatic vessels in the hind limb (n = 8/group; arrow in Supplementary Material 1) and mice were imaged for another 20 min. Beginning at 5 min after injection of agents, the data were analyzed every 5 min for 15 min. Different groups of mice were also imaged for 10 min following i.d. injection of 2 μl ICG at 1, 3, and 5 h after administration of 10 µl of lidocaine alone (n = 8/group), lidocaine with epinephrine (n = 8/ group), or saline (n = 6/group). Those data were quantified for 4 min at 5 min after injection of ICG. The data were analyzed with ImageJ (National Institutes of Health). The same size of fixed regions of interest (ROIs) in fluorescent afferent popliteal lymphatic vessels were defined on fluorescence images and the averaged fluorescence intensity within each ROI in each fluorescence image was plotted as a function of imaging time. The number of "pulses" of ICG-laden lymph is an indication of lymphatic contractile activity and termed "contractions." Data were presented as average values ± standard error. Statistical analysis was performed with GraphPad Prism 7 (GraphPad Software, Inc.). The data were analyzed by two-way analysis of variance followed by Tukey's multiple comparison test. The differences were considered significant at p < 0.05. The effect of local anesthetics on lymphatic contractile function in vivo was unknown. Therefore, no power calculations were performed.
Baseline data prior to injection of local anesthetics (Fig. 1a, c) show dynamic changes in fluorescent intensities as a function of time in the ROI, demonstrating propulsive lymphatic function. Fluorescent intensity profiles, as shown in Fig. 1b , show more lymphatic pulses in mice 10 min after injection of lidocaine with epinephrine as compared to its baseline, whereas we observed reduced pulses in mice at 10 min post-injection of lidocaine alone. As shown in Fig. 2 , at 10 min post-injection of lidocaine alone, our NIRFI data demonstrated a significant decrease in the lymphatic contraction frequency for 5 min (45.3 % baseline). Contraction   Fig. 1 Representative fluorescence intensity profiles as a function of time prior to (a, c) and 10 min after injection of 2 % lidocaine with (b) and without (d) 1:100,000 epinephrine frequencies remained at plateau for 5 min and started to return to baseline 60 min post-injection. The addition of epinephrine 1:100,000 to 2 % lidocaine resulted in an immediate increase (174 % baseline) in the lymphatic contraction frequency between baseline and 5 min post injection, followed by a decrease lasting until 15 min post-injection, when there was no difference in the contraction frequency as compared to baseline. Wang et al. [12] showed that lymphatics contracted spasmodically as soon as epinephrine was applied to afferent popliteal lymphatic vessels in rats. Smith et al. [13] also demonstrated that, when applied to exposed afferent lymphatic vessels draining to the popliteal lymph nodes (PLN), epinephrine produced spasm of the lymphatics followed by a markedly increased rate of contraction. Lymph flow and contraction frequency in afferent popliteal lymphatic vessels of sheep increased immediately at the beginning of the intravenous infusion of epinephrine [14] . Hall et al. [15] observed a rapid two-fold increase in lymph flow rate and the frequency of the lymphatic pulses in the thoracic duct when adrenaline was directly injected into the popliteal lymph duct. Since epinephrine is a vasoconstrictor and decreases local blood flow in the skin, blood flow changes may not account for an increase in lymphatic contractility. Instead, epinephrine may cause an increase in lymphatic contractility by acting directly on adrenoceptors on the lymphatic vessels [14, 16, 17] , although further studies are needed to examine the mechanism of this change with epinephrine alone and thus to measure lymph flow rate. Thus, our data showed that the combination of epinephrine with lidocaine results in a predominant net effect of increased contractile activity.
Saline injection also resulted in a moderate increase in the contraction frequency in the first 5 min (23.2 % baseline) as compared to baseline. However, contraction frequency returned to baseline 10 min post-injection due to redistribution in the surrounding tissue and remained for 5 h. It was reported that injection of higher volume (50-300 µl) of Locke's solution into the footpad of rats and mice increased lymph formation and thus resulted in a significantly increased rate of lymphatic contractility [12, 13] , suggesting an injection volume-dependent increase of lymphatic contraction frequency. Previous studies also showed that PBS or saline injection into human skin resulted in vasodilation and thus increased blood flow; however, the maximal increase in cutaneous blood flow after injection of control agents was less than that after injection of local anesthetics and the vasodilation effect resolved quickly [4, 9] . The contraction frequencies at 5 and 10 min postinjection with 1:100,000 epinephrine combined with 2 % lidocaine were significantly greater than with saline and 2 % lidocaine alone (p < 0.05). The contraction frequencies in mice injected with 2 % lidocaine were significantly lower than with saline and 2 % lidocaine combined with 1:100,000 epinephrine at 5, 10, and 15 min post-injection (p < 0.05).
Effects of anesthetics on lymphatic function have been reported previously. In general, conventional anesthetics at clinically relevant concentrations reduced lymphatic contractility and inhibited lymph flow [18] . More recently, van Helden et al. [19] demonstrated that the topical application of the local anesthetic lignocaine (10 %) in rats slowed lymph flow, mainly due to blockage of nerve-mediated action potentials. It was also reported that lidocaine at a concentration of 0.3 μM reduced the spontaneous contractile activity in human mesenteric lymphatic vessel segments [20] . Lidocaine blocks a broad spectrum of voltagegated sodium channels (VGSCs), whereas tetrodotoxin (TTX) blocks specific VGSC subtypes, which are also known to inhibit lymphatic contractility [20] .
During an ongoing inflammatory response after tissue injury, lymphatic pump function removes excess interstitial fluid and accumulated inflammatory cells and mediators from the inflamed tissues. Insufficient lymphatic function can cause a further inflammatory reaction and thus impair immune responses and wound healing. Although there is no report that lymphedema can result from inhibition of lymphatic function by anesthesia, it was reported that edema can occur after anesthesia [21] . Furthermore, it is unknown whether other local anesthetics or sodium channel blockers affect lymphatic contractile function. In this study, we used clinically relevant doses of 2 % lidocaine with and without 1:100,000 epinephrine [1] ; however, future studies will need to address effects of different doses of lidocaine and epinephrine, as well as other local anesthetics, on lymphatic function in vivo, since some local anesthetics are known to have a biphasic effect on skin microcirculation [3, 22, 23] . In summary, our study demonstrated for the first time the effects of lidocaine with and without epinephrine on dermal lymphatic vessel function in mice using noninvasive NIRFI. We have shown that lymphatic contraction frequencies were significantly reduced 10 min after injection of 2 % lidocaine, whereas addition of 1:100,000 epinephrine to 2 % lidocaine rapidly increased lymphatic contraction frequencies at 5 min post-injection. However, functional lymphatic changes started to return to baseline 60 and 15 min after injection of lidocaine alone and with epinephrine, respectively.
